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ABSTRACT

Cellular damage from ionizing radiation (IR) is in part
due to DNA damage and reactive oxygen species,
which activate DNA damage response (DDR) and
cytokine signaling pathways, including the ataxia
telangiectasia mutated (ATM) and transforming
growth factor (TGF)p/Smad pathways. Using
classic double-strand breaks (DSBs) markers, we
studied the roles of Smad proteins in DDR and the
crosstalk between TGFp and ATM pathways. We
observed co-localization of phospho-Smad2
(pPSmad2) and Smad7 with DSB repair proteins fol-
lowing low and high linear energy transfer (LET) ra-
diation in human fibroblasts and epithelial cells. The
decays of both foci were similar to that of yYH2AX
foci. Irradiation with high LET particles induced
pSmad2 and Smad7 foci tracks indicating the
particle trajectory through cells. pSmad2 foci were
absent in S phase cells, while Smad7 foci were
present in all phases of cell cycle. pSmad2 (but not
Smad7) foci were completely abolished when ATM
was depleted or inactivated. In contrast, a TGFp
receptor 1 (TGFPR1) inhibitor abrogated Smad?7,
but not pSmad2 foci at DSBs sites. In summary,
we suggest that Smad2 and Smad7 contribute to
IR-induced DSB signaling in an ATM or
TGFpR1-dependent manner, respectively.

INTRODUCTION

Ionizing radiation (IR) produces DNA damage and
reactive oxygen species (ROS), which activate DNA
damage response (DDR) and cytokine signaling
pathways, and may lead to cell death, mutation or
genomic instability (1-5). High linear energy transfer

(LET), high charge and energy particle radiation
produce a characteristic track structure consisting of
high energy deposition in biomolecules near the particle
trajectory and a diffused radiation of low LET secondary
electrons called 4-rays (2,3). For high LET radiation, there
is evidence of increased contributions from clustered
double-strand breaks (DSBs), and complex DNA
damages with distinct protein signaling kinetics
compared with low LET radiation (4). In addition, the
types and spatial distributions of ROS vary with LET
(5). Thus, high LET radiation may serve as a tool to in-
vestigate the possible crosstalk between the DDR and
other signaling pathways.

Two well-known DSB repair pathways in vertebrate
cells are non-homologous end joining (NHEJ) and hom-
ologous recombination (HR). NHEJ mainly occurs
throughout the cell cycle but is the primary pathway in
G1 and early S phase. The major proteins in the canonical
NHEJ pathway are DNA-PK, DNA ligase IV/XRCC4/
XLF4 complex, with poly (ADP-ribose) polymerase
(PARP) and DNA ligase III/XRCCI proteins playing a
role in a backup NHEJ pathway (6-9). HR is believed to
be active in late S and G2 phase, with RADS51 and its
paralogs playing major roles in this pathway (10).
Ataxia telangiectasia mutated (ATM) is a crucial
mediator for DSB  responses, activated by
autophosphorylation upon DSB induction and critical
for phosphorylating a number of proteins involved in
DSB repair and damage signaling pathways (11). DSB
sensing and processing proteins induced by IR can be
observed by immunofluorescence and are referred to as
IR-induced foci (IRIF) (12). IRIF may contain many
proteins involved in ongoing repair or checkpoint
control, such as YyH2AX, 53BP1, RADS5I1, Chk2 and
ATF2 (13-15). Studies have revealed monitoring YH2AX
as a fairly accurate means to estimate the formation and
loss of DSBs formation at different times (8,16,17).
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Besides inducing DSBs, IR also generates ROS that can
activate  cytokine  signaling pathways involving
transforming growth factor (TGF)B (18). The
well-described TGF(/Smads signaling pathway has been
shown to be important in cellular and tissue processes,
including cell growth, proliferation, differentiation and
apoptosis  (19). In  non-stimulated cells, the
receptor-associated Smads designated R-Smadl, 2, 3, 5
and 8 are located predominantly in the cytoplasm (20).
Once activated, the TGFp receptor complex aids in phos-
phorylation of the R-Smads, which then complex with
co-Smad4 and allow the translocation of R-Smads to the
nucleus to activate targeted gene expression (21). Upon
completion of this task, Smad?2 is targeted for degradation
or de-phosphorylation and exported out of the nucleus
(22,23). Inhibitory Smad (Smad7) is not phosphorylated
following TGFp activation as it lacks the type I receptor
phosphorylation site (24). It is a general antagonist of
TGFP signaling and regulates the formation of Smad2/
Smad4 complexes, blocking the nuclear accumulation of
Smad?2 and 3. It also binds to Smurf2 to form an E3 ubi-
quitin ligase that targets the TGFp type I receptor for
degradation, thereby inhibiting the activation of Smad2
(25). In addition, Smad7 was shown to interact with
DNA through the MH2 domain and co-localize with
vYH2AX at DNA damage sites in TGFp-treated mouse
embryo fibroblasts (26).

A link between TGFp signaling and ATM phosphoryl-
ation was shown following irradiation previously (18).
Inhibiting TGFp signaling in human cells prior to high
doses of irradiation resulted in a reduction in ATM phos-
phorylation as well as reduced phosphorylation of TGFf
substrates including p53, Chk2 and Rad17 (18). As a con-
sequence of TGFp inhibition and resulting lack of ATM
activation, few YH2AX foci were detected after irradi-
ation. These results suggested that either TGF ‘primes
cells to respond to DNA damage’ or that it aids in
ATM activation (18). Studies have shown that while
TGFB1 is involved in ATM and p53 phosphorylation,
both TGFp receptor 1 (TGFBR1) and Smad2 are not
(27). A role for Smad7 in ATM activation was also
noted by a Smad7-dependent increase in ATM S1981
phosphorylation in prostate cancer cells stimulated with
TGFB1 (26). yYH2AX and Smad7 co-localization following
TGFP treatment suggest Smad7 may act as a scaffold for
ATM and its substrate YH2AX (26).

Although previous work has investigated how TGFp1
modulates ATM activity, the precise mechanism, espe-
cially in the context of radiation, is not yet known.
Using classic DSB markers of signaling and repair
pathways (YyH2AX, 53BP1, pATF2 and RADSI), we
have studied the roles of the Smad proteins in response
to DNA damage and investigated their dependence on
crosstalk between the TGFB and ATM pathways.
We studied different qualities of radiation to investigate
the possibility of distinct signaling components following
simple or clustered DNA damage (11) or spatial distribu-
tions of ROS. The transition from low to high LET radi-
ation was studied by varying the LET using different
particle and energy exposures. The effect on different
cell types (human esophageal epithelial and fibroblast cells)

was also investigated in the current work. Immunostaining
was performed for various proteins forming IRIF, as well
as western immunoblotting for Smad proteins to identify
relationships between pathways. ATM kinase and TGFf
signaling inhibitors were additionally used to study the
interplay between radiation-induced DNA damage signal-
ing and the TGFB/Smad pathway.

MATERIALS AND METHODS
Cell lines and chemicals

Human telomerase reverse transcriptase (TERT)-
immortalized adult skin fibroblast cells (82-6 cells,
courtesy of Judith Campisi, (28)) were grown in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (FBS) and antibiotic-antimycotic.
Human primary fibroblast cells (IMR90), a kind gift from
Chuanyuan Li (Duke University, NC, USA), were main-
tained in modified eagle medium (MEM) supplemented
with 10% FBS, 100 U/ml penicillin and 100 pg/ml strepto-
mycin and used at passage 8. hTERT-immortalized human
esophageal epithelial cells (EPCs) were cultured as
described previously (29). AT mutant cells (GM02052)
were maintained in MEM supplemented with 15% FBS,
L-glutamine and Pen-Strep.

Two nanograms per milliliter recombinant human
TGFB1 (PeproTech, Rocky Hill, NJ, USA), 10uM
ATM kinase inhibitor KU55933 and 1uM TGFBRI
kinase inhibitor SD208 (Tocris Bioscience, Ellisville,
MO, USA) were added to medium 1 h prior to radiation.

Irradiation

Experiments using particle irradiation were performed at
the NASA Space Radiation Laboratory (NSRL) in
Brookhaven National Laboratory (BNL, NY, USA).
Oxygen (O) particles with an energy of 77MeV/u, a
LET of 58 keV/um, iron (Fe) particles with an energy of
600 MeV/u and a LET of 180keV/um were delivered.
A 20 x 20cm beam with a dose uniformity of +2%, and
a dose rate of ~0.5 Gy/min was used. '*’Cs gamma radi-
ation (y-rays) experiments were completed at NASA
Lyndon B. Johnson Space Center (Houston, TX, USA)
with a dose rate of 0.3 Gy/min. T25 flasks containing
exponentially growing cells were exposed vertically with
the cell surface perpendicular to the beam. Eight-well
chamber slides were exposed either vertically or horizon-
tally as indicated. All samples were irradiated at room
temperature before returned to a 37°C incubator.

Western blotting and immunofluorescence

To detect nuclear-specific proteins, nuclear extracts were
prepared using NE-PER Nuclear Protein Extraction Kit
from Thermo Scientific (Rockford, IL, USA), supple-
mented with Halt protease inhibitor cocktail (Thermo
Scientific). After electrophoresis in 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and electro-
blotting (Bio-Rad, Hercules, CA, USA), the nitrocellulose
membrane was processed according to the instructions of
the manufacturer. Blots were incubated with primary
antibodies and followed by goat anti-mouse/rabbit



immunoglobulin G conjugated to horseradish peroxidase
(Amersham Bioscience). The membranes were probed
using the ECL-Plus western blotting detection reagents
as recommended by the manufacturer (GE Healthcare).
The signal was detected using a Storm 840 scanner
(GE Healthcare).

For immunofluorescence, cells were grown on LabTek
eight-well chamber slides (Thermo Scientific) and fixed
with 4% paraformaldehyde for 15min. After permeabil-
ization with 0.3% Triton X-100 in phosphate buffered
saline (PBS) for 3min, cells were blocked with 10%
normal goat serum in PBS and incubated with the indicated
primary antibodies, at 4°C overnight. Detection was
accomplished using Alexa Fluor 488 or 594 conjugated
secondary antibodies (Invitrogen) and nuclei were counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI).
Immunofluorescence was evaluated with a fluorescence
microscope Axioplan2 (Zeiss, Sweden).

Rabbit anti-phospho-Smad2 (pSmad?2) (S465/S467) and
rabbit anti-phospho-p53 were from Cell Signaling
Technology Inc.; mouse anti-Smadl1/2/3 antibody was
from Santa Cruz Biotechnology; rabbit anti-phospho-
Smad3 (S423+S425) was from Abcam; mouse
anti-Smad7 was from R&D Systems; mouse anti-TATA-
binding protein 1 (TBP1) and mouse anti-yH2AX (S139)
antibodies were from Millipore; rabbit anti-phospho-ATF2
(S490/498) antibody was from PhosphoSolutions; mouse
anti-cyclin A and mouse anti-53BP1 antibodies were from
BD Transduction Laboratories and rabbit anti-RADS1
antibody was from Calbiochem.

RESULTS

Similar radiation quality-dependent Kkinetics observed
for pATF2 and YH2AX

Fundamental studies have revealed that track structure sig-
natures from high LET particle exposures can be identified
by DSB repair phospho-proteins’ kinetics, for proteins
such as YH2AX and pATF2 (15,30). Figure 1A illustrates
the effect of radiation quality on the foci distribution at an
early time after radiation in human fibroblast cells
irradiated horizontally, which allows for identification of
the particle trajectory through the cell. Low LET radiation
such as y-rays deposits their energy sparsely; therefore,
YH2AX foci are uniformly distributed instead of foci
tracks. For particle exposure, irradiating vertically allows
for an ecasier quantification of foci kinetics without
attempting to define individual foci within a track as
would be needed with a horizontal irradiation exposure
(31). Nevertheless, each focus generated represents a
number of DSBs which are in close proximity to each
other. A LET-dependent decay in foci was observed after
radiation, with slower DSB repair kinetics observed follow-
ing high LET irradiation when compared with y-ray
exposed samples. Six hours after y-rays nearly 25% of
vyH2AX and pATF2 foci remain following low LET
exposure whereas following high LET radiation
~40-50% of the foci remain at the same time point
(Figure 1B).
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Smad7 is recruited to DSB sites after both high
and low LET radiation

We were interested in studying the crosstalk between
TGFB/Smad signaling pathway and the DDR following
radiation exposure. Thus, we investigated how different
Smad proteins respond to radiation-induced DNA
damage, in particular its difference in DNA damage
quality following high LET radiation compared with
v-rays. As a key member of TGFp/Smad signaling, we
first studied the inhibitory Smad7. Similar to YH2AX
and pATF2 foci, following high LET radiation, Smad?7
foci localized to DSBs and showed similar kinetics when
compared with these DSB repair proteins. Smad7
accumulated at the radiation tracks in human fibroblasts
(82-6) detected 1 h after Fe particles and were visible up to
24 h after exposure (Figure 2A). Smad7 foci were present
at DSBs sites in 82-6 cells after exposure to both high and
low LET radiation of oxygen and vy-rays, respectively
(Figure 2B and C). Similar to the kinetics in foci reso-
lution observed with pATF2 and YH2AX, high LET radi-
ation caused a larger persistence of Smad7 foci when
compared with low LET radiation (Figure 2D). The local-
ization of Smad7 foci to the sites of DSBs is indicated
by co-localization with known phospho-protein markers
of DSBs-pATF2 (Figure 2B and C). The level of
co-localization of Smad7 with pATF2 and RADSI was
quantified and analyzed in Figure 2G. Eighty-five
percent of Smad7 were found co-localized with pATF2
at 4h after Fe ions and a higher percentage were noticed
24 h later. Co-localization of Smad7 foci to RADSI, a
protein important in HR repair (HRR) was observed in
a small percentage of cells (Figure 2F), while all cells
exposed to IR were noticed possessing Smad7 foci.
These results suggest that Smad7 IRIF are formed in all
phases of the cell cycle. The level of co-localization of
Smad7 and Rad51 was relatively lower compared with
that of pATF2 at both 4 and 24h. To determine
whether these findings were unique to this cell line, we
performed similar studies in primary human fibroblasts
(IMR90) (Figure 2E) and human hTERT-immortalized
EPCs (Figure 6A) and found Smad7 foci localized with
pATF2 at DSB sites. Since we were not able to detect
residual IRIF 24h after 1 Gy of y-rays in EPC cells,
2 Gy of y-rays was delivered to EPC cells to allow detec-
tion 24 h after exposure. Co-localization of Smad7 with
proteins known to localize to the sites of DSB following
irradiation likely indicates a role for Smad7 during the
DSB repair process, and confirmation of these findings
in different cell types including adult human fibroblasts,
fetal human fibroblasts and human epithelial cells suggest
the universality of the response.

ATM but not TGFp is dispensable for the formation
of Smad7 foci

Upon DSB induction, the ATM kinase is known to be
critical for IRIF formation. The effect of ATM kinase in-
hibition on Smad?7 foci formation was investigated using a
specific inhibitor of ATM, KUS55933. Phosphorylation
of ATF2, a known ATM substrate, was inhibited by
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Figure 1. Kinetics of DSB repair protein foci formation after high versus low LET radiation in human fibroblasts. (A) Foci distribution based on
radiation quality exposure. 82-6 cells cultured in chamber slides were irradiated horizontally to the beam axis at room temperature with Fe, O or
v-rays, of indicated LET values. One hour after a dose of 1 Gy, cells were fixed by paraformaldehyde and subsequently stained for immunofluor-
escence imaging. YH2AX tracks of heavy ions passing through the cell nucleus are shown in green, and red foci tracks are obtained using
pATF2-specific antibodies. DAPI staining (blue) represents cell nuclei. (B) Evaluation of YH2AX and pATF2 foci decay in 82-6 cells as a
function of time. As illustrated in the diagram in this set of experiments, cells were irradiated vertically to the beam axis so that individual foci
rather than tracks would be visualized. At various times after irradiation, the number of foci in each cell nucleus was manually counted, results from
two independent exposures were included and the average number of foci/cell was plotted. Non-irradiated cells were used as control. For each

experiment, YH2AX and pATF2 foci were counted in at least 100 cells.

KU55933 treatment following exposure to 1 Gy of y-rays
(Figure 3C); however, no significant difference in the for-
mation of Smad?7 foci between KU55933-treated cells and
untreated cells was observed (Figure 3C). We confirmed
independence of Smad7 focus formation on functional
ATM by demonstrating Smad7 IRIF formation in
ATM mutant cells (AT) following O particle exposure
(Figure 3D), whereas pATF2 foci are absent in these cells
following this exposure (Supplementary Figure S1).

Since Smad7 is known to interact with activated TGFf3
type I receptor to block TGFB/Smad activation (24), we
attempted to confirm these findings in our cells using the
TGFp type I receptor inhibitor-SD208 prior to radiation.
The importance of TGF signaling was clearly evident by
the lack of radiation-induced Smad?7 foci following SD208
treatment (Figure 3B). Neither KU55933 nor SD208 or
dimethylsulfoxide (DMSO) (Figure 3A) treatment alone
induced Smad?7 foci in sham-irradiated cells.

Both Smad3 and Smad2 are upregulated after radiation,
but only Smad 2 is observed at DSB sites

To investigate how the R-Smad members of the TGFf/
Smad pathway, Smad2 and Smad3, respond to various
radiation qualities, human fibroblasts were exposed to dif-
ferent types of radiation: Fe, O and y-rays at a dose of

1 Gy and the presence of IRIF containing these proteins
was studied. 53BP1 is another established DSB repair
protein that can be seen to form prompt foci tracks 1h
after exposure to Fe (LET of 180keV/um), with ~6 foci
per cell remaining 24h after exposure in IMR90 cells
(Figure 4A), pSmad?2 did not form foci 1 h after radiation,
in contrast to observation of Smad7 at this time, yet were
observed at 4h after exposure and were noted to
co-localize with 53BP1, as well as yYH2AX, although the
number of foci were less numerous than the 53BP1 and
vYH2AX foci. The co-localization between pSmad2 and
53BP1 continued up until at least 24h after exposure.
Similar results were achieved in 82-6 (Figure 4B) and
EPC cells (Figure 6B) following Fe ion exposure, as well
as following exposure to O (LET of 58 keV/um) and the
low LET vy-rays. The decay kinetics of pSmad2 foci
induced by exposure to different radiation qualities are
shown in Figure 4D. pSmad2 foci showed similar
kinetics as YH2AX and pATF2, exhibiting a faster decay
following y-rays, and a slower decay following exposure to
Fe and O particles, although the number of Smad?2 foci
formed are less than those of YH2AX and pATF2. A cell
cycle specificity for pSmad2 foci was noted by co-staining
with cyclin A, a marker for S phase, which revealed
pSmad?2 foci were found mostly in non-S phase, mainly
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Figure 2. Smad7 focus formation triggered by IR in human fibroblasts and epithelial cells. (A) Smad7 foci (green) tracks in 82-6 cells fixed at 1, 8
and 24 h after 1 Gy of Fe ions exposure. Nuclei are visualized with DAPI staining. Cell slides were irradiated horizontally. (B) Co-localization of
Smad7 (green) and pATF2 (red) 24 h after O ions exposure in 82-6 cells. (C) Co-localization of Smad7 (green) and pATF2 (red) 24 h after y-rays in
82-6 cells. (D) Kinetics of Smad7 foci decay after Fe, O ions or y-rays exposures in 82-6 cells. Asterisks indicate the results from KU55933 (ATM
kinase inhibitor) inhibition, black: Fe; Red: O and green as for y-rays. Cell slides were irradiated vertically. Two exposures were performed for each
radiation type. Smad7 foci were counted in 100 cells for each experiment and averaged. (E) Co-localization of Smad7 (green) and pATF2 (red) in
IMRO0 cells after 1 Gy of Fe ions exposure at indicated times. (F) Co-localization of Smad7 (green) and RADS1 (red) 4 h after y-rays in 82-6 cells.
(G) Quantitative analysis of the level of co-localization of Smad7 with pATF2 or RadS1 4 or 24h after Fe ions exposure.

Gl cells (Figures 4C and 6C). The levels of co-localization
of pSmad2 with yYH2AX and 53BP1 were analyzed in
Figure 3E, revealing that most of the DSBs repair
proteins co-localized with pSmad2 (>80%) at 4 and 24h
after Fe ions exposure.

Results from western blot studies reveal that both p53
activation (Serl5) and Smad2 phosphorylation are
increased in response to IR (Figure 4E and
Supplementary Figure S2). As both Smad2 and Smad3
can form a complex with Smad4 following TGFf signal-
ing, we examined the response of Smad3 to radiation.
After high LET radiation, an increase in the total
amount of Smad3 protein in the nucleus was found
compared with non-irradiated 82-6 cells (Figure 4E and
Supplementary Figure S2). However, pSmad3 did not
form IRIF at DSBs following either high or low LET ra-
diation exposure under our conditions employed.

ATM-dependent, but TGFp-independent Smad2
phosphorylation following IR

Activated TGFp has been shown to increase pSmad?2 ac-
cumulation in the nucleus, resulting in a modification of
the regulation of target gene expression. Since we observed
IRIF-containing pSmad2, further experiments were per-
formed to test for the TGF dependence of these foci. A

rapid accumulation of pSmad2 was detected in nuclear
extracts which could be abrogated by the TGFBRI1 inhib-
ition using SD208 (32), however no pSmad2 foci were
observed after TGFP treatment alone, indicating a lack
of dependence on TGFP without damage. The lack of
TGFp dependence on IR-induced pSmad2 foci was con-
firmed using y-rays (Figure 5A) and O particle irradiation
(Figure 5B), suggesting Smad?2 has a different mechanism
of activation following radiation when compared with the
classic TGFB/Smad activation pathway.

We then investigated the function of ATM in the induc-
tion of Smad2 phosphorylation after IR exposure. Upon
ATM inhibitor (KUS55933) treatment, no pSmad2 foci
were observed 6-24h following y-rays, O and Fe particle
exposures (Figure 5A). We confirmed these studies using
AT cells and O particle exposure, and again observed
pSmad?2 foci to be absent throughout the repair period
in AT cells, yet present in the wild-type cells at these
same time points (Figure 5C and D).

DISCUSSION

The molecular basis for the cellular and tissue responses to
IR including DNA repair, cell cycle regulation and tissue
or organism responses is considered (1,4,18). The ATM
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Figure 3. The effect of ATM kinase and TGFp receptor signaling on Smad7 foci formation after IR. (A) Sham-irradiated 82-6 cells were treated
with KU55933, SD208 (TGFBR1 inhibitor) and DMSO (vehicle control) for 1 h before paraformaldehyde fixation. (B) 82-6 cells were pretreated with
SD208 prior to 1 Gy of y-rays. Shown are the foci co-localization of Smad7 (green) and pATF2 (red). (C) Same as (B), except cells were pretreated
with KUS55933. (D) Co-localization of Smad7 and RADSI in AT cells after O ion exposure.
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Figure 4. Phosphorylated Smad2 foci formation induced by IR in human fibroblast and epithelial cells. (A) Co-localization of 53BP1 (green) and
pSmad?2 (red) in IMRI0 cells fixed at 1, 6 and 24 h after 1 Gy of Fe ions exposure. (B) Co-staining of 53BP1 (green) and pSmad?2 (red) in 82-6 after
1 Gy of Fe, O ions or 2Gy of y-rays exposure. (C) Co-staining of pSmad2 (red) and cyclin A (green) in 82-6 cells 4h after 1 Gy of O ions.
(D) Kinetics of pSmad2 foci decay after irradiation with Fe, O ions or y-rays in 82-6 cells as a function of time. Other details as in Figure 2E.
(E) Quantitative analysis of the level of co-localization of pSmad2 with 53BP1 or YH2AX 4 or 24 h after Fe ions exposure. (F) Nuclear extracts from
82-6 cells were prepared at different times after 2 Gy of O ions exposure. Phosphorylation of Smad2 as well as total Smad2/Smad3 were detected by
western blotting. TBP1 was used as an internal control for nuclear extracts.
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Figure 5. The effect of ATM kinase and TGFP receptor signaling on pSmad2 foci formation after IR. (A) 82-6 cells were pretreated with DMSO,
SD208 or KUS55933 for 1h prior to 1 Gy of y-rays. Shown are the foci co-localization of YH2AX (green) and pSmad2 (red) 6 h after radiation.
(B) 82-6 cells were pretreated with SD208 prior to 1 Gy of O ions. Other details as in (A). (C) Co-localization of YH2AX (green) and pSmad?2 (red) at
various times after 1 Gy of O ions in normal fibroblasts (82-6) and in (D) AT cells. Slides were irradiated vertical to the beam axis for these

experiments.

pathway is known to play major roles in DDR to radi-
ation, thus individuals with defects in ATM are extremely
radiosensitive (33,34). TGFp signaling also appears to
be important for cellular response to radiation (35),
including tissue injury, growth inhibition, fibrosis and
apoptosis (32,36-41). The current work has focused on
understanding possible interactions between the ATM
and TGFp signaling pathways following different radi-
ation quality exposures in order to vary the contribution
of complex DSBs. Smad proteins are key TGFp type 1

receptor substrates which can transduce extracellular
signals from TGFp to the nucleus and aid in the transcrip-
tional regulation of certain genes.

Smad proteins have also been studied by several groups
(27,42) and demonstrated to increase in expression follow-
ing IR. However, little work to date has been done
looking at the relationship between Smad protein
kinetics and the kinetics for various DNA DSB repair
proteins at DSB sites. Following localized small intestinal
irradiation, a progressively increased Smad3 mRNA level



940 Nucleic Acids Research, 2013, Vol. 41, No. 2

A

y -ray, 2Gy

10um

v ray, 2Gy, 6h EPC

Figure 6. Smad7 and pSmad2 focus formation triggered by IR in human epithelial cells. (A) Smad7 foci (green) co-localize with pATF2 in EPC cells
fixed at 6 and 24 h after 2 Gy of y-rays. (B) Co-localization of pSmad2 and 53BP1 foci after 1 Gy of Fe ions and 2 Gy of y-rays. (C) Co-staining of

pSmad?2 (red) and cyclin A (green) in EPC cells 6 h after 2 Gy of y-rays.

was observed but not inhibitory Smad7 (43). Others have
observed persistent increasing of Smad7 expression as a
result of IR exposure (44,45). Phosphorylation of Smad2
and Smad3 and translocation from cytoplasm to nucleus
in the response to IR have been detected in several studies
involving rat tissue as well as cell lines (27,46—48). Down-
regulation of Smad 1/5/8 activation was observed after
10Gy of IR (46). Moreover, tumor suppressor p53 is
known as a direct sensor to IR, and the fact that
Smad2/3 and p53 physically interact implies that p53 ac-
tivation might serve as a bridge connecting TGFp signal-
ing and IR responses (49). The studies above
demonstrated the response of Smad proteins to IR
through the activation of TGFp, while the direct effect
of Smad proteins to DNA damage induced by IR such
as DNA repair was not been revealed.

Uniquely, we observe co-localization of phosphorylated
Smad?2 (S465/S467) and Smad7, but not Smad3, with DSB
repair proteins (e.g. YH2AX, 53BP1, pATF2 and RADS1)
in both human epithelial and fibroblast cells following
both y-ray and high LET particle irradiation at moderate
doses. High LET particles resulted in foci tracks containing
both pSmad2 and Smad?7, and the disappearance of these
foci was delayed when compared with y-rays. Smad7
foci formed promptly after radiation (detected as early as
1 h after IR), while pSmad?2 foci were not detectable until
4h after exposure. The time course of resolution of
pSmad2 and Smad7 foci was similar to that of YH2AX
and 53BP1 foci. Co-localization of Smad7 with the HRR
protein-RADS1 was observed in G2 cells, although Smad?7
foci were detected in other phases of the cell cycle as well.
In contrast, pSmad2 foci were observed primarily in Gl
cells. The observation that pSmad2 is mainly observed
in G1 cells might be explained by pSmad2 primarily
participating in the NHEJ pathway or playing a role in
the G1/S checkpoint in addition to its transcription
factor role. The late appearance of pSmad2 needs to be
further investigated. The relatively early appearance of
Smad7 foci perhaps indicates a possible direct binding to
DSB breaks, whereas pSmad?2, which is unable to directly
bind DNA, is likely to be indirectly localized to DSB sites
through interactions with other repair molecules at a later

stage, perhaps as a result of chromatin remodeling during
repair or an additional role in transcription activation.

ATM signaling is essential for optimal cellular and
tissue response to IR. To further characterize the potential
role for pSmad2 in DDR, we investigated how ATM
kinase activity is related to pSmad2 kinetics. It is well es-
tablished that ATF2 (Ser490/498) is a phosphorylation
target of ATM involved in DDR following IR (12,13).
To confirm the ATM dependence of pATF2 foci, we
used both an ATM kinase inhibitor and AT cells and
monitored the formation of radiation-induced pATF2
foci. pATF2 foci were not observed in cells treated with
ATM kinase inhibitor nor in the AT cells supporting the
ATM dependence of ATF2 activation at the Ser490/498
site. We then used the same strategy to investigate the
dependence of pSmad2 foci on ATM kinase activity.
Similar to pATF2, complete abrogation of pSmad2
focus formation was observed both by addition of the
ATM kinase inhibitor as well as in the ATM mutant
cells. Thus, this work reveals for the first time that
Smad?2 is a phosphorylation target of ATM in response
to IR-induced DNA damage.

We further tested the TGF 3 dependence of pSmad2 foci
using a TGFBR1 inhibitor and noted that pSmad2 foci
formation was not diminished with this treatment.
Together these data indicate that a fraction of Smad2
phosphorylation is ATM dependent. Furthermore, since
pSmad2 and pSmad3 can form heteromeric complexes
upon TGFP stimulation (19,22), we also investigated
how kinetics of pSmad3 foci compared with pSmad?2 fol-
lowing IR. However, unlike pSmad2, which showed a
delay in co-localization with DSB proteins, neither total
Smad3 nor pSmad3 was observed to form foci and
co-localize with other DSB proteins at DSBs. Smad3
co-localization to DSB proteins had been observed previ-
ously using DNA damage reagents or at very high doses
(>10Gy) (50). Additionally, unpublished data from our
group and others (27) have noted that activation of ATM
following IR is independent of TGFBRI signaling, and
these results would support pSmad?2 also having a TGFf
signaling-independent role following radiation-induced
damage. Smad7 foci formed promptly after radiation,
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Figure 7. Proposed model for the role of Smad2 and Smad7 in
response to IR-induced DSBs and relationship to ATM and TGFf
pathways.

however, were not inhibited upon ATM inhibitor treat-
ment or diminished in AT cells. However, when cells
were pretreated with TGFBR1 inhibitor, Smad7 foci
were not visible after radiation, indicating a TGFp
dependence unlike pSmad?2 foci.

A schematic model based on our new findings combined
with previous understanding of the roles of Smad2 and
Smad7 in the DDR, and the crosstalk that occurs
between the TGFB/Smad and ATM response pathways
is presented in Figure 7. It has been shown that p53 phys-
ically interacts with Smad2 (49,51). Phosphorylated
Smad? is a target of ubiquitin Smurf2 after translocation
into nucleus, and based on other’s studies, Smurf2 foci can
be observed to co-localize with DSB proteins and stay
elevated up to months after high LET radiation (52).
Smad2 could act as a potential tumor suppressor (53),
with loss of the protein resulting in an increase in the
risk of cell malignancy. Understanding the mechanisms
for Smad?2 foci formation for different radiation qualities
and doses after IR will aid in understanding the role of
Smad? in radiation effects.

Overall, our study reveals for the first time that two
Smad proteins, Smad7 and pSmad2, localize to
IR-induced DSBs, albeit with differential kinetics
(Figure 7). We identified that IR-induced phosphorylation
of Smad2 is ATM-dependent; whereas Smad?7 focus for-
mation is TGFBI receptor dependent following radiation
exposure. Smad2 and Smad7, as a potential tumor sup-
pressor and oncogene, respectively, are involved in the
DNA damage signaling pathway. Finally, our studies re-
vealing a delayed disappearance of pSmad2 and Smad7
foci after high LET particle exposure may also indicate
an increased biological effectiveness and carcinogenic
risk for high LET radiation (54).
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